The macro and micro morphology of the Si surface, depending on noble metal ion concentration in etching solution, prepared by metal assisted etching were investigated. We defined the morphology of etched Si in four types, and developed the phase diagram of Si morphology. Mixture of silver nitrate (AgNO 3 ) and hydrofluoric acid (HF) was used as an electroless-plating bath of Ag, as well as etching solution of Si. The morphology of the etched Si surface as function of concentration of AgNO 3 in etching solution was observed by SEM. With increasing concentration of the AgNO 3 in the etching solution, the surface of etched Si tended to be porous structure with very fine pores of a few nm (porous Si). When concentration of AgNO 3 is low, single crystal Si nanowires with a smooth surface without pores were observed.
INTRODUCTION
Semiconductor nanowires have attracted interest due to their unique one-dimensional electric and optical properties. Among them, the Si nanowire is considered as a promising candidate of such an electronic device [1] , biosensor [2] , optoelectronic device [3] , and energy storage [4] because of compatibility of conventional Si technology. When Si nanowire is used as a building block of these applications, morphology, size, crystal quality and crystal orientation of the nanowire would be crucial parameters for the device performance.
Although several methods have been reported to prepare Si nanowires [4] [5] [6] [7] [8] [9] , the metal assisted chemical etching of Si substrate has advantages of low cost and mass production compared with others. In this method, using a noble metal as a catalyst on a Si substrate, the Si underneath the catalyst is selectively etched by the solution. Generally, there are two different types of etching solutions used for the metal assisted etching. Most of study used mixture of hydro fluoric acid (HF) and hydrogen peroxide (H 2 O 2 ) as the etching solution [6] [7] [8] . In this solution, the H 2 O 2 works as an oxidant, and the Si surface underneath the metal catalyst is selectively oxidized. Then the SiO 2 is simultaneously etched away and the metal catalyst sinks into the substrate. The surface morphology of the etched Si is strongly depending on concentration of H 2 O 2 [7] . On the other hand, the metal assisted etching of Si is known to occur with electroless plating solution of noble metals without H 2 O 2 , such as mixture of silver nitrate (AgNO 3 ) and HF [8] . In this solution, oxidation of Si underneath metal catalyst is carried out by hole injection into Si, due to reduction of Ag 1+ ion at the surface of catalyst. Therefore, concentration of Ag 1+ ion would be a key parameter for decision of morphology of etched Si. In this study, we investigated the dependence of morphology of etched Si surface on concentration of AgNO 3 in etching solution and resistivity of the substrate. Moreover, crystallographic information of etched Si for various etching solutions was also observed by TEM.
EXPERIMENTS
We etched Si surface by single-step metal assisted chemical etching, which performed electroless deposition of catalyst metal and Si etching at the same time. Various resistivity p-Si (100) substrates (1000, 10, 0.01 Ωcm) were cut into 1 x 1 cm 2 . The cut wafers were cleaned in de-ionized water with ultrasonic for 10 min and dipped into 5% HF for 10min to remove the thin oxide layer on the substrate. Then, the catalyst Ag for etching of Si was deposited by dipping the cut wafer into mixture of 0.01-0.2M AgNO 3 and 5M HF for 2h. In this solution, the Si underneath the catalyst Ag was etched in parallel with electroless deposition of Ag.
For the comparison, we also prepared the Si etched by a solution containing H 2 O 2 and HF. After metal-assisted etching, the remaining catalyst Ag was dissolved by 69% HNO 3 for 30 min. Then the sample was cleaned with de-ionized water and dried in atmosphere at room temperature. The morphology of etched Si surface was observed by scanning electron microscopy (SEM), and the crystal structure of the etched Si was observed by transmission electron microscopy (TEM). The photoluminescence(PL) spectra which was measured using 325nm light from He-Cd laser.
DISCUSSIONS
SEM images of the surface of p-type Si substrate (10 Ωcm) after single-step metal assisted etching with various concentration of AgNO 3 in the etching solution were shown in Fig.1 (a)-(c) . We defined the shape of etched Si surface in 4 types, "wall", "nanowire (NW)", "porous wall (p-wall)", and "polished", respectively. Fig. 1(a) shows etched Si surface with 0.01 M AgNO 3 . The vertical wall -like Si was observed on the substrate. These wall-like Si would be formed by cracks of catalyst Ag film. Fig.1 (b) shows NW shape etched with 0.02 M AgNO 3 . The range of diameter of NW was from 20 to 500 nm, although NWs stick each other due to surface tension of water during drying process. The wall-like morphology was observed again at 0.1 M, but there are nanoscale pores on the wall surface shown in Fig (c) . Especially, the concentration of pore was dense around the top of the wall that was initially etched. Increasing concentration of silver nitrate more than 0.2 M, any structure such as NW or wall was not observed, and it seemed that only etching of Si occurred. Fig. 2 shows phase diagram of the Si nanostructure morphology observed by SEM as functions of resistivity of the substrate and concentration of nitric acid. Although a clear dopant dependence of etching morphology was not observed, the structure tended to change from NW to polished with increasing of AgNO 3 . Fig. 3(a) -(c) show TEM images of Si NW with various etching solution. The long axis of all NWs is parallel to the horizontal axis of the images. The surface of Si nanowire obtained by AgNO 3 solution was very smooth without any amorphous layer, as shown in Fig 3(a) . In contrast, the amorphous layers were observed in the surface of NW formed by a solution containing H 2 O 2 and HF. Moreover, with high concentration H 2 O 2 for metal assisted etching, the porous nanowire was obtained, which consisted of amorphous and nanocrystals. The component of porous nanowire was similar to the porous Si. The broad PL spectrum around 650 nm, which was generally observed in porous Si were detected only in porous NW and p-wall Si as shown Fig. 4 [10] . 
CONCLUSIONS
The morphology of the nanostructure on Si surface after metal assisted etching was strongly depending on the concentration of AgNO 3 in etching solution. To obtain Si nanowire, it is important to choose proper concentration of AgNO 3 in etching solution and resistivity of the Si substrate. In addition, the surface of Si etched with AgNO 3 was smooth without any amorphous layer. This result would help and accelerate the development of various devices using Si nanostructure.
INTRODUCTION
One-dimensional (1D) nanostructures such as nanowires and -tubes have become the subject of many investigations due to their peculiar properties [1] . Based on the shape anisotropy and dimensionality, these 1D structures can show improved functional properties in comparison to (spherical) nanoparticles [2] . In addition, 1D nanoscale building blocks provide the capability of creating complex and multifunctional 2D and 3D assemblies. Very high integration densities can only be realized by 3D architectures. In particular, the direct synthesis of such complex 3D assemblies represents a promising approach to translate large quantities of nanowires to microand macroscale dimensions taking into account a desired connectivity. This organization into superstructures can be identified as crucial step that must be addressed in order to enable nanowire based applications in the field of energy harvesting, (electro-)catalysis, and sensor systems [3] [4] [5] . Because the spatial distribution of the nanoscale components and their interconnectivity strongly can influence the properties of a complex nanowire assembly, architectural design is of significant importance. Highly desired are new methods that allow precise control over (i) the characteristics of individual nanowires, defined by their dimensions and composition, and (ii) their arrangement with respect to orientation and integration level. Current synthetic routes often are limited to independently and simultaneously adjust only a few of these parameters. Here, we demonstrate the synthesis of 3D nanowire assemblies such as arrays, networks, and hierarchical structures using a modified template electrodeposition technique. The template method using ion track etched membranes was extended to organize nanowires into various complex structures by changing decisive process steps including template production and the electrochemical deposition process. Precise control over branching geometry and complexity of nanowire assemblies is achieved, allowing the creation of specifically designed nanowire architectures.
EXPERIMENTAL DETAILS
To produce templates for nanowire deposition, 30-μm-thick polycarbonate foils (Makrofol N, Bayer Leverkusen) were irradiated with heavy ions with a kinetic energy of E=11 MeV/nucleon provided by the UNILAC accelerator (GSI, Darmstadt, Germany). The applied fluences were approximately 1x10 8 -2x10 10 ions/cm 2 . In the case of template production for arrays, polymer foils were irradiated under normal incidence, while the irradiation was performed in several steps from different directions and angles for templates prepared for the synthesis of nanowire networks and hierarchical structures. Subsequent to irradiation experiments, the ion tracks were etched to cylindrical nanochannels of a desired diameter in a 6 mol/L NaOH solution at 50 °C. To completely stop the etching process, the track etched membranes were repeatedly washed in deionized water.
Prior to nanowire growth, a thin Au layer was sputter-deposited on one side of the nanoporous template and electrochemically reinforced by Cu to serve as cathode [6] . For Pt nanowires, electrochemical deposition into the nanochannels was performed from an alkaline Pt electrolyte based on Na 2 [Pt(OH) 6 ] with a Pt concentration of 50 mmol/L. Deposition took place at temperatures T=50-60 °C applying a potentiostatic voltage of U=-1.3 V or using pulse electrodeposition (PED) in a two-electrode configuration. 1D Au and Ni nanostructures were prepared as reported elsewhere [7, 8] . According to the requirements, the Cu/Au cathode layer was removed after deposition by nitric acid and an aqueous solution of KI and I 2 , respectively. The polymer matrix could be dissolved in dichloromethane to free the nanowires from the template. To purify the wires, the solvent was repeatedly exchanged. All polymer residues and other impurities could be removed by treating the nanowires with 1 mol/L NaOH solution at 50 °C for 30 min and washing several times with deionized water.
For the characterization of the nanostructures, field-emission scanning electron microscopy (FESEM) was employed using a JSM-7401 microscope (JEOL) operated at 10 kV. 
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RESULTS AND DISCUSSION
Our approach is based on the ion-track template electrodeposition method that was used to grow nanowires of various compositions [9] . This technique relies on the electrodeposition into nanochannels of an ion track etched polymer membrane. Starting from this conventional method, we extended the technique aiming for the direct synthesis of different 3D nanowire assemblies. In particular, the synthesis of nanowire arrays (NWAs) is of interest for several applications because these parallel aligned nanowire structures represent a simple but welldefined kind of connectivity. In addition, arrays allow easy manipulation, integration and connection, e.g., to electrical contacts. Consequently, it has been demonstrated that NWAs are suitable to serve as functional elements in devices. NWAs can be synthesized by a number of methods [10] . However, NWAs often have to be embedded in a supporting matrix to assure satisfactory robustness, which prevents the use of these structures in the field of catalysis and sensing. Current freestanding nanowire array structures have to consist of nanowires of rather small aspect ratios or high integration density in order to maintain their parallel orientation.
To overcome these limitations, we introduce a second metal layer on top of the nanowire array that stabilizes the architecture after template removal. The fabrication process is schematically shown in Figure 1 . In brief, a polymer foil is irradiated with heavy ions using a structured metal mask with a thickness larger than the projected ion range. The ions penetrate the polymer foil only at the unmask areas where they create parallel aligned ion tracks along their trajectory. Subsequently, these tracks are etched resulting in the formation of cylindrical nanochannels of a desired diameter, located only in well-defined areas (Figure 1b) . Nanowires are grown inside the channels, starting from a previously deposited Au/Cu cathode layer by using pulse electrodepostion (PED). The deposition process is continued until caps forming on top of the nanowires coalesce. At this stage, the polymer matrix can be removed to obtain a template-free closed nanowire array. The formed "sandwich structure" can be described as a vertically aligned nanowire array between support layers (VANAS). However, to create monolithic closed nanowire arrays, the initial cathode layer has to be selectively removed to grow another layer of coalesced caps in a second electrodeposition step before template removal (Figure 1c) . It should be noted that several steps of the fabrication process are decisive with regard to the overall array structure: (i) the mask geometry defines the outer dimensions of the array, while (ii) the irradiation step determines the integration density; (iii) the electrochemical deposition conditions have strong influence on composition and structure of nanowires and caps. Figure 1 : Scheme of the template fabrication and formation of nanowire arrays. (a) A polymer foil is irradiated with heavy ions using a mask. Subsequent etching leads to the formation of nanochannel arrays in well-defined areas (b) that can be filled with the desired material using pulse plating. In several deposition steps, coalesced cap structures are electrochemically created on both sides of the wires to obtain monolithic NWAs (c).
www.cambridge.org © in this web service Cambridge University Press We conducted our study on Pt, but it is indicated that this general approach can be adapted to produce NWAs consisting of a large variety of materials including metals, semiconductors, and composite materials.Precise control over deposition rates is very important. PED was adapted to compensate for the slow diffusional mass transport inside the nanochannels and to achieve homogeneous growth [11] . In a typical pulse sequence for Pt VANAS fabrication, a deposition pulse at U 1 =-1.3 V is applied for t 1 =100 ms followed by a pulse for a longer time t 0 = 200-1000 ms at a potential U 0 where no deposition takes place (-0.4 U 0 -0.7 V). Eventually, a third pulse was applied between these pulses for a short time t 2 =2 ms at U 2 =-0.2 V. The pulse durations have to be adjusted to decrease the growth rate and to maintain similar electrolyte concentrations everywhere at the electrode surface. The growth process is carried out at room temperature to minimize mechanical stress induced by thermal expansion. With this method thin metal layers are obtained. Figure 2a depicts a FESEM image of a representative Pt nanowire array with lateral dimensions of >1 mm 2 . The integrated nanowires with a diameter of d 130 nm become clearly visible at higher magnification (Figure 2b ). The smooth wire surface demonstrates particularly well the precise replication of the cylindrical nanochannel geometry, which is possible because of the small crystallite size (<10 nm). In addition, it is clear that most of the volume inside the microstructure is free volume with a porosity of >96 %. In consideration of this high porosity and small thickness of the metal layers, the structure is remarkably robust. The micrograph in Figure  2c , displays a monolithic NWA. The structure measures approximately 35 μm in height and has lateral dimensions of 50 μm (diameter). With an integration density of 10 8 wires/cm 2 , roughly 2000 wires with an average diameter of 220 nm are vertically integrated into the structure. Such small arrays can be produced in large quantities and are suitable as functional elements for sensor systems. Larger arrays could be used in microstructured reactors to considerably increase the surface area [12] .
Nanowire networks (NWNs) constitute another promising kind of 3D assemblies. These structures consist only of nanowires that can be directly associated in different ways with a varying number of wires, providing a large diversity of potential kinds of interconnectivity. Recently, we demonstrated how NWNs can be generated using specifically designed template materials [13] . The presented method allows the synthesis of highly ordered and macroscopically stable NWNs with numerous independently controllable parameters. activity and durability in comparison to state-of-the-art nanoparticle based catalysts [13] . The improvement in functional properties could be attributed to the unique 3D architecture. Figure 3a shows an Au NWN that was fabricated using the same approach. The initial orientation is still present after template removal. Figure 3b highlights a part of a Ni NWN imaged by FESEM at a thin edge of the total network structure. Each nanowire shows a high number of branching points leading to a high mechanical stability. However, with decreasing nanowire diameter and integration density, NWNs become unstable against transformation processes. NWNs represent model systems that allow the systematic investigation of how the complexity influences certain properties. To synthesize also stable NWNs consisting of nanowires with small average diameters and low integration levels, we used the metal layer that served as cathode during the electrochemical growth process as a support. In addition, the removal of the polymer matrix was performed using oxygen plasma. As a consequence, oriented low-density NWNs as demonstrated in Figure 3c were generated. The Pt NWN consists of 5x10 10 wires/cm 3 with an average diameter of 30 nm and a length of approximately 40 μm. Consequently, the porosity is higher than 99 %. High and adjustable porosity are desirable for catalyst materials, especially if the conductivity is hardly affected. In this context, the interconnected 1D nanostructures fulfill the requirements for an advanced catalyst material to an outstanding degree. Even more interesting than NWNs for applications and fundamental nanoscience might be more complex hierarchical structures [14] . We also explored routes to extend the template method for the fabrication of these structures. A combination of repeated irradiation and etching steps allows the preparation of nanowire assemblies with interconnected nanowires of different diameters. For instance, Figure 3d depicts a hierarchical structure showing a central submicrometer wire (d=800 nm) from which hyberbranched nanowires (d=40 nm) arise. The "treelike" arrangement highlights the capability of creating optimized structure-function-relationships on multiple length www.cambridge.org © in this web service Cambridge University Press 
CONCLUSIONS
Effective methods for the direct synthesis of different 3D nanowire assemblies have been demonstrated. Modifying the template production and electrodeposition process allowed the preparation of nanowire arrays, networks and more complex hierarchical structures. The presented results are important for applications because precisely controlled nanowire assemblies facilitate manipulation and efficient integration into devices. Moreover, systematic studies on the properties of these increasingly complex nanowire assemblies are of interest for fundamental nanoscience.
